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INTRODUCTION 
In this paper we consider a method of measuring travelling time of ultrasonic waves 
with high accuracy. The block diagram of this method is shown in figure 1. 
Ultrasonic waves are generated by means of a piezo-electric transducer which is 
connected to the pulse generator. The radio-frequency pulse-echo ultrasonic signal is 
digitized by the digitizer and stored in the non-volatile memory of the PC across the GPIB 
interface bus. A powerful and time saving software is used for storing a large number of 
waveforms with a rate of about 400 kilobytes per second. To reach high resolution, we use 
the Random-Interleaved-Sampling (RIS) function of the digitizer which consists of a 
transient digitizer with the addition of an interleaved mode. For each trigger, the RIS digitizer 
records a set of wave form sample points. The digitizer interleaves sets of sample points from 
additional triggered acquisitions to construct a detailed representation of the original wave 
shape (figure 2). Since the digitizer has no way of knowing when the trigger will arrive, the 
sample clock and the trigger point are asynchronous. Therefore the time between the trigger 
and the very next sample clock varies randomly from waveform acquisition to acquisition. 
The RlS architecture uses a time-to-digital converter (TDC) to measure this relationship and 
accurately interleaves successive waveform acquisitions. The IDC has much better timing 
resolution than the clock sample interval with about 10 picoseconds compared to about 200 
picoseconds. Thus RlS reconstructions can expose details that the transient digitizer alone 
misses. 
The sampling digitizer consists of a sampling device, an ADC (analog to digital 
convector), a memory and some timing circuitry.The sampling device stores the voltage and 
then holds it while the ADC digitizes it. 
PULSE 
GENERATOR DIGrnzER 
Figure 1. Block diagram. 
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Figure 2. Random Interleaved Sampling (RlS). 
The digitizer samples at tOO Megasamples per second and the RlS architecture is 
designed for 5 Oigasamples per second equivalent sample rate. Therefore a minimum of 50 
waveform acquisitions is needed to create the effective representation. In reality, the 
reconstruction requires about 150 waveform acquisitions due to the asynchronous of trigger 
point and sample clock. 
The AP ACHE* PROGRAM 
The polynomial approximation and displaying signal program is written in OF A 
BASIC. It runs on any compatible ffiM-PC (XT or AT) equipped with at least 1 Mega 
RAM (Random Access Memory). This program provides: 
- displaying any signal stored by a Lecroy mass storage,which is available with any Lecroy 
oscilloscope, 
- giving the horizontal and vertical point values, 
- averaging the signal, 
- expanding interesting regions of the signal, 
- displaying the polynomial approximation of the expanded region, 
- memorizing particular points or the distance between points of the signal, 
- recording all the sequences of the treatment, 
- doing the treatment sequences automatically for several signals, 
- giving the average and variance of the distances (time) for these signals. 
HOW THIS PROGRAM WORKS 
The only pulses which are of interest are the first and the second back echoes (figure 
3) . After displaying the waveform which is stored by the digitizer, the program computes the 
average of the waveform points and draws the X axis which is the mean of these points. 
Then it looks for the maximum (max 1) and the minimum (min 1) of these points, which is 
the first echo, and magnifies this region. From the point zero of the curve between the 
maximum and the minimum, it selects all the points limited to one fourth of the maximum up 
• APACHE is the french abbreviation of" Approximation Polynomiale et Affichage d'une Courbe et des 
Hauteurs ExtrapoJees". 
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Figure 3. First and second back echoes with interesting signal points. 
and one fourth of the minimum down and it computes the linear approximation of these 
points. The intersection between this curve and the X axis gives the fIrst selected zero (zero 
1). It repeats the same sequence with the second echo and we obtain the second selected zero 
(zero 2). The distance between the two selected zeros is a measure of the travelling time. The 
advantage of this procedure is to be insensible to the noise, to the amplitude variation and to 
the signal attenuation in the materials. 
MATIIEMATICAL ANALYSIS 
Our objective is to detennine the true value of the time 'C of the propagation of a 
mechanical shock in the sample. To do this, we carry out some measures t of this time 'C with 
our experimental device. The variable t is a random variable because each measure of the 
travelling time gives us a different value of t This random variable t follows a law of 
probability, with an average ~t and a standard deviation crt in which the true value 'C 
demanded is the average~. Nevertheless, this average is inaccessible in the experiment and 
we are left with carrying out N measures of t, that is to say to take a sample size N in the 
population of the measurement results t and deduce the best estimation of the true value 'C. 
The information contained in the sample of N measures is taken with the help of two random 
functions (orrandom variables) : 
- estimator t of the average Ilt 
N 
- ~ ti 
t=.LJN 
i=l 
where ti is the ith result of the measure of the travelling time, 
- estimator s of standard deviation crt 
N 
~ ~ (ti - t )2 
s = -'-' (N-l) 
1=1 
(1) 
(2) 
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With the help of the values observed (in the sample) of these two estimators, we can 
define a confidence interval where the true value 't has a probability (I-a) of being found. 
This interval is given by the relation (3) 
- ): s -): s 
Proba ( t - ~N-l, a;2..JN < 't < t + ~N-l, a/2 ..IN) = I - a (3) 
where SN-l, 012 is the value of Student's variable at N-I degrees of freedom which has a 
probability al2 of being surpassed. 
On the other hand, t is itself a random variable. This variable follows a normal law ( for N 
>3) with an average 't and standard deviation aT 
Having determined N values of t ,we can also determine a confidence interval 
where the true value 't has a probability ( I - a ) of being found. 
Obtaining t and s by the following relations 
N' 
-=-- ~ 1j 
t =L.,.v 
i=I 
( ti - t )2 
(N'-I) 
the confidence interval can be written as below 
(4) 
(5) 
(6) 
s -=-- s 
Proba ( t - SN'-l, a/2 {N'< 't < t + SN'-l, a/2 1N') = 1 - a (7) 
a formula in which SN'-l a!2 represents the value of Student's variable to N'-I degrees of 
freedom which has a probability al2 of being surpassed. 
EXPERIMENTAL DEVICE 
The equipment for the experiment consists of a Krautkramer pulse generator USIP12 
with a 100 MHz clock, a 5 MHz ultrasonic longitudinal transducer, a Lecroy digital 
oscilloscope 9400A with a 100 MHz clock, a Haake cryostat F3-K with a 0.1 degree Celsius 
of resolution and a computer compatible IBM-AT with a CPU 80486/50 MHz . 
SPECIMEN DESIGN 
Specimens were made from steel and copper (figure 3). They were machined to 
obtain two basic parallel-plane faces. They were put in a copper-box to reach a uniformly 
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Thennocouples Transducer 
Specimen 
Figure 4. Specimen design, transducer and thennocouples positions. 
balanced tempemture distribution, to obtain better heat transfer and to provide watertightness. 
Specimens were provided with two thermocouples, one in the surface and the other inside the 
specimen and we took the mean tempemture. 
EXPERIMENTAL RESULTS 
The box with the specimen was put in the tank of the cryostat which was full of 
water. The temperature was fixed to a convenient value and time was allowed for the 
temperature to reach equilibrium throughout the specimen and this was confinned by 
stationary thermocouple readings. 
We planned to reach the equilibrated tempemture value and we took some 
measurements. Next we increased the temperature by 0.1 degree Celsius for the first six 
measurements and by 1 degree for the last four measurements. For every selected 
temperature we repeated the measurements 10 times. The results of all the measurements that 
were made during the present study is shown gmphically in figure 5. 
The repeatability and precision at 23.1 ± 0.1 DC are shown in table 1 and figure 6. 
coeff. COIT.= 0.999 
slope = 483.4 ps/degree C 
o~--------------------------------~ 
20 22 24 
Temperature 
26 28 
Figure 5. Experimental measurements of the time of flight as a function of temperature for 
copper. 
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Table 1. Repeatability and Precision 
Temperature 23J± OJ U CelsIUs 
Number of Confidence Interval 
Order of measurements s (0.=0.05) 
measurement N N' (picosecond) (picosecond) 
1 100 1 92.1 3976115.1 ± 18.3 
2 100 1 86.0 3976109.8 ± 17.1 
3 100 1 102.4 3976135.8 ± 20.3 
4 100 1 86.4 3976099.8 ± 17.1 
5 100 1 92.9 3976106.5 ± 18.5 
6 IOU 1 89.7 3976101.4 ± 17.7 
7 100 1 97.1 3976094.9 ± 19.3 
8 100 1 83.8 3976111.4 ± 16.7 
9 100 1 112.5 3976106.9 ± 22.3 
10 100 1 97.2 3976130.3 ± 19.3 
11 100 1 92.4 3976108.1 ± 18.3 
12 100 1 106.9 3976137.8± 21.3 
13 IOU 1 97.1 3976101S.u ± 19.3 
14 100 1 97.6 3'.?76115.3 ± 19.3 
15 100 1 101.7 3976104.4 ± 20.3 
16 100 1 98.4 3976103.3 ± 19.5 
17 100 1 95.6 3976115.3 ± 18.9 
18 100 1 81.3 3976108.2 ± 16.1 
19 100 1 87.3 3976075.5 ± 17.3 
20 100 1 90.2 3976097.8 ± 17.9 
21 100 1 106.2 3976112.3 ± 21.1 
22 100 1 89.6 3976127.6 ± 17.7 
23 IOU 1 85.6 3976105.5 ± 16.9 
24 100 1 97.8 3976114.8 ± 19.5 
25 100 1 105.7 3976097 ± 20.9 
Number of Measurements s Confidence Interval 
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Figure 6. Experimental measurements of the time of wave propagation in copper. 
The linear correlation curve shows a little decrease in the temperature which is 
reported by the thermocouple indications with about 0.1 degrees Celsius. 
EXAMPLE OF PRACTICAL APPLICATION OF TIllS STUDY 
We started our experiment by using the steel specimen and the experiment was 
successfully conducted until a corrosion phenomena was observed. In the middle of the 
experiment, the transducer wire insulation broke and the conducting wire made contact with 
the box of copper. An electric arc appeared in the coupling liquid and a transient current 
started which made a localized micro-corrosion on the specimen (figure 7). As a result of this 
unexpected accident we measured the depth of corrosion (table 2 and table 3). 
'" 1 700 S tart of corrosion 
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--- Linear Correlation of the first four measurements 
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Figure 7. Time of wave propagation with temperature in steel and corrosion starting point. 
Table 2. Experimental measurements of the time of wave propagation in steel 
Number of Temperature s Confidence Interval 
Measurements ± 0.1 0 Celsius (picosecond) (a=0.05) N N' (picosecond) 
100 20 22,0 9.3 3465701.9 ± 4.4 
100 10 22.1 6.6 3465731.9 ± 4.6 
100 10 22.2 7.8 3465738.5 ± 5.4 
100 10 22.3 7.0 3465765.0 ± 5.0 
100 10 22.4 5.3 3465744.2 ± 3.6 * 
100 10 22.5 6.4 3465759.8 ± 4.5 
100 10 22.6 10.6 3465706.0 ± 7.4 
100 10 22.7 7.4 3465531.4 ± 5.2 
100 10 22.7 6.5 3465473.5 ± 4.7 
* start of corrOSIOn 
Table 3. Experimental measurements with steel 
~t Depth of corrosion Olm) Velocity of corrosion 
- (g/m2sec) t 
5.610-6 0.193 10-6 1.753 10-5 
From the first four measurements we compute the mean temperature coefficient of the 
time of flight ~t, and from the last two measurements we compute the depth and the velocity 
of the corrosion. 
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COMPARISON WITH SOME PERFORMED METHOD 
THE SING-AROUND METHOD 
This method would not be classed as an ideal method for making absolute 
measurements. This is due to the systematic errors linked to the electrical delays associated 
with the triggering of the transmitter which affect the real time through the specimen, the 
rising time of the amplified pulse, the generation of the trigger signal and the acoustic delays 
in the two transducers and their bonds to the specimen. One restriction of this method is that 
the measurement must be made on through transmission with two transducers.[l] 
THE PULSE-SUPERPOSmON METHOD AND THE PULSE-ECHO-OVERLAP 
METHOD 
The absolute accuracy is affected by some systematic errors which are difficult to 
measure and. that make these methods inaccurate in the absolute sense. Such errors come 
from the phase shift due to the beam spreading and phase shift in the bond transducer 
sandwich. The pulse-echo-overlap method is able to handle diffraction phase corrections 
better than the pulse superposition method. The pulse-echo-overlap method may operate 
either with the transducer bonded directly to the specimen or with a buffer rod interposed 
between the transducer and the specimen. The pulse superposition method requires direct 
bonding. The pulse-echo-overlap method may be operated with broadband pulses as well as 
radiofrequency (rf) bursts. The pulse superposition method requires rf bursts. The pulse-
echo-overlap method can be set up to make through transmission measurements of the travel 
time on a single pass between two transducers. The pulse-echo-overlap method can be 
adapted to measure group velocity as well as phase velocity by using the envelopes of 
moderately narrow band rf bursts. The pulse-echo-overlap method has never been automated 
and probably cannot be as its echoes are overlapped by the observer in "scope time", not in 
real time.[l] 
CONCLUSIONS 
Our developed method uses only standard equipment contrary to the above three 
reported methods which need special equipment. The user doesn't need any qualification 
because the measurements are taken automatically and do not take a lot of time. 
Use of multiple, fastclocked 32 bit processors can enable the digitizer to reach higher 
resolution and the computer to approach real-time rates. 
This method can be used to measure acousto-elastic effect and corrosion effect as well 
as for other applications such as the control of the metallurgical structural transformations. 
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